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Abstract 

HYPK (Huntingtin Yeast Partner K) was originally identified by yeast two-hybrid assay as an interactor of Huntingtin, the 
protein mutated in Huntington's disease. HYPK was characterized earlier as an intrinsically unstructured protein having 
chaperone-like activity in vitro and in vivo. HYPK has the ability of reducing rate of aggregate formation and subsequent 
toxicity caused by mutant Huntingtin. Further investigation revealed that HYPK is involved in diverse cellular processes and 
required for normal functioning of cells. In this study we observed that hyperthermia increases HYPK expression in human 
and mouse cells in culture. Expression of exogenous Heat Shock Factor 1 (HSF1), upon heat treatment could induce HYPK 
expression, whereas HSF1 knockdown reduced endogenous as well as heat-induced HYPK expression. Putative HSF1- 
binding site present in the promoter of human HYPK gene was identified and validated by reporter assay. Chromatin 
immunoprecipitation revealed in vivo interaction of HSF1 and RNA polymerase II with HYPK promoter sequence. 
Additionally, acetylation of histone H4, a known epigenetic marker of inducible HSF1 binding, was observed in response to 
heat shock in HYPK gene promoter. Overexpression of HYPK inhibited cells from lethal heat-induced death whereas 
knockdown of HYPK made the cells susceptible to lethal heat shock-induced death. Apart from elevated temperature, HYPK 
was also upregulated by hypoxia and proteasome inhibition, two other forms of cellular stress. We concluded that 
chaperone-like protein HYPK is induced by cellular stress and under transcriptional regulation of HSF1. 
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Introduction 

Heat Shock Response (HSR) is an evolutionary conserved 
mechanism of protection of cells against acute exposure to adverse 
environmental as well as pathological conditions. The molecular 
stress response is characterized by a rapid change in the pattern of 
gene expression followed by elevated synthesis of a class of stress- 
responsive proteins, called Heat Shock Proteins (HSPs) [1], which 
by virtue of their chaperone activity, help host cells in regulating 
cellular homeostasis and promoting survival [2]. Genes encoding 
HSPs are transcriptionally regulated by Heat Shock Factors 
(HSFs). In vertebrates, Heat Shock Factor 1 (HSF1), a transcrip- 
tion factor conserved in yeast to mammals, is responsible for heat 
shock-driven transient increase of HSP expression [3] . It has been 
shown that apart from genes encoding canonical HSPs, HSF1 
regulates expression of a large variety of genes involved in cell 
survival, protein degradation, vesicular transport, cytoskeleton 
formation. [4,5,6,7]. Recently, HSF1 has been shown to bind and 
regulate a set of new genes in transformed cells compared to the 
non-transformed counterpart [8]. 

In unstressed cells, HSF1 exists in an inactive monomeric form 
as part of a multi-chaperone complex. In response to stress, HSF1 
is released from the complex and proceeds through a tighdy 
regulated multistep pathway involving trimerization, gain of DNA- 
binding activity, nuclear accumulation and posttranslational 
modification [9]. HSF1 binds to heat shock gene promoters 
containing inverted repeats of the DNA sequence nGAAn, called 
heat shock elements (HSEs) [10, 1 1] . Apart from thermal upshift or 
hyperthermia, the taKj-activating capacity of HSF1 can also be 
induced by other forms of proteotoxic stress including hypoxia, 



oxidative stress, ER stress, heavy metals as well as small molecule 
modulators. The temporal increase in HSP synthesis in response to 
proteotoxic stress is arrested once proteostasis is achieved within 
the cell. The sensory mechanism that leads to attenuation of HSF1 
activity during recovery from stress is still not well understood. 
However, a series of genetic as well as biochemical evidence in 
prokaryotes and eukaryotes support the role of heat shock proteins 
in the negative regulation of heat shock response [12,13,14]. Albeit 
the molecular mechanisms of suppressing HSF1 activity by two 
well characterized chaperones Hsp70 and Hsp90 are known 
[15,16,17,18,19], it remains largely unclear whether this is a 
general characteristics of all HSF1 targets. 

The ability of HSF1 to induce the expression of genes encoding 
HSPs and other stress-responsive proteins has been exploited to 
mitigate protein misfolding or to promote the clearance of 
misfolded proteins in different proteopathies, including Hunting- 
ton's disease (HD). HSF1 and individual chaperones have already 
been shown to suppress polyglutamine inclusion formation and 
neurodegeneration in different cell and animal models of HD 
[20,21,22,23]. Promising results have been reported for small 
molecule inducers of HSR to abrogate cell death caused by mutant 
Huntingtin (HTT) [24]. 

HYPK was first identified from yeast two-hybrid assay as an 
interactor of HTT [25]. It has been shown earlier that HYPK is a 
member of the family of intrinsically unstructured proteins (IUPs) 
with a pre-molten globule like conformation [26], It has been 
further reported that HYPK has chaperone-like activity in vitro and 
in vivo and is capable of reducing the aggregates formed by mutant 
HTT [27]. HYPK was co-purified with ribosome associated 
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MPPll/DNAJC2-Hsp70Ll complex along with NAA10 and 
NAA15 [28], the catalytic and auxiliary subunits of human N a - 
terminal-acetyltransferase (NatA) complex that participates in 
cotranslational N-terminal acetylation of proteins. HYPK is 
necessary for efficient N-terminal acetylation of known NatA 
substrate [29]. Knockdown of HYPK resulted in increased 
apoptosis and cell cycle arrest [29]. Recently, 37 HYPK- 
interacting proteins have been identified [30]. Gene enrichment 
analysis with the HYPK-interacting proteins indicates that 
HYPK together with its interacting partners might be involved 
in diverse biological processes including protein folding, cell 
cycle arrest, response to unfolded protein, anti-apoptosis and 
transcription regulation. Experimentally, it has been shown 
that HYPK is involved in response to unfolded protein, cell 
cycle, cell growth and apoptosis [30]. HYPK is expressed in 
almost all the major tissues and anatomical organs as 
described in the Genecard (http://www.genecards.org/cgi-bin/ 
carddisp.pPgene = C15orf63&search = hypk). Besides, HYPK is 
conserved in many organisms as shown in Ensembl (http:// 
www.ensembl.org/Homo_sapiens/ Gene/ Compara_Tree?db = core; 
g = ENSG00000242028;r= 15:44088340-44095241). All these 
observations clearly indicate a broader role of HYPK in the 
cellular milieu beyond HD pathogenesis. This motivated us to 
investigate how HYPK expression is regulated within the cell. 

Here we report that HYPK expression is induced by heat in 
human and mouse cells. We identify functional HSF1 -binding site 
in the promoter of human HYPK gene. In response to stress, HSF1 
interacts with the HSE present in the promoter of HYPK gene in 
vivo and promotes chromatin remodeling. HSF1 regulates the 
expression of HYPK at transcript and protein level. HYPK rescues 
cells from death caused by lethal heat shock, thus it has 
cytoprotective effect. HYPK expression can also be stimulated 
by proteotoxic stresses other than heat shock. 

Materials and Methods 

Antibodies and chemicals 

Anti-HYPK and anti-fJ-actin antibody were obtained from 
Sigma. Anti-HSFl, anti-Hsp70 and anti-acteylated histone H4 
antibody were purchased from Abeam. Anti-RNA polymerase II 
antibody was purchased from Imgenex. The anti-mouse and anti- 
rabbit secondary antibodies conjugated with horseradish peroxi- 
dase were purchased from Bangalore Genei (India). Cobalt 
chloride (CoCl 2 ) was purchased from Merck and MG132 was 
purchased from Calbiochem. Immobilon-P Transfer membrane 
was from Millipore; Taq polymerase was from Bioline and 
restriction enzymes were from New England Biolabs (NEB). 
Protease inhibitor mixture was purchased from Roche Applied 
Science. TRIzol reagent, Lipofectamine 2000 and Hygromycin 
were obtained from Invitrogen. Other molecular biology grade 
fine chemicals were procured locally. 

Cell culture and Treatments 

HeLa and Neuro2A cells were obtained from National Cell 
Science Centre, Pune, India and grown in Minimal Essential 
Medium (Himedia, India) supplemented with 10% fetal bovine 
serum (Biowest) at 37°C in 5% CO2 atmosphere under humified 
conditions. To induce heat shock response, cells were subjected to 
heat shock at 42°C for 60 min. For recovery of cells exposed to 
heat shock, cells were grown at 37°C for indicated time periods. 
For lethal heat shock, cells were exposed to 45°C for 60 min. Cell 
survivality was measured after 24 and 48 hours of lethal heat 
shock. HeLa cells were treated with 100 uM or 200 uM CoCl 2 
dissolved in water for 4 h to induce hypoxia. MG132 was dissolved 



in DMSO and added to HeLa cells at a final concentration of 
25 uM for 4 h. Transfection of cells was performed using 
Lipofectamine 2000 (Invitrogen). Unless otherwise stated, for the 
single transfection experiment, 2.5 u,g (60-mm plate) or 5 |J,g (100- 
mm plate) of DNA constructs as well as 10 or 15 ul of 
Lipofectamine 2000, respectively, were used. In all cases of co- 
transfection experiments, constructs were taken in 1:1 (w/w) 
stoichiometric ratio to keep the transfection efficiency unaltered 
(2.5 ng or 5 ng each). 

Construction of Plasmids 

Wild type HSF1 (WT HSF1), constitutively active HSF1 (CA 
HSF1) and dominant negative HSF1 (DN HSF1) cloned in 
pcDNA3.1 vector were kindly provided by Dr. Richard Voellmy 
(HSF Pharmaceuticals, Switzerland). Empty pSUPER vector and 
pSUPER constructs for HSF1 siRNA and scrambled RNA were 
kindly gifted by Dr. L Sistonen (Abo Akademi University, 
Finland). Cloning of human HYPK gene in GFP- tagged vector 
(HYPK-GFP) and HYPK antisense in pRNA-U61/Hygro vector 
was described previously [30]. 

For the luciferase reporter assay, three different regions of 
human HYPK gene (ENSG00000242028) promoter (- 1 16 to +185 
region designated as HYPK_ups, —450 to +185 region designated 
as HYPK_ups_long and —450 to +50 region designated as 
HYPK_ups_short) were cloned in pGL3 basic vector (Promega) 
between the restriction sites of Mlul and Bglll. Similarly, promoter 
region of the human hsp70 {HSPA1A) gene (ENSG00000204389) 
from position —216 bp to —23 bp [31] was cloned in pGL3 basic 
vector between the restriction sites of Mlul and Bglll and 
designated as Hsp70_ups. The primer sequences used for 
construction of these clones are given in Table SI (File SI). 

Luciferase Assay 

The method used for the luciferase assay was described 
previously [32]. Briefly, cells grown in 35-mm plates were 
transfected with 600 ng of reporter constructs and 400 ng of 
pcDNA3.1 constructs (empty pcDNA3.1 vector, WT HSF1, CA 
HSF1 or DN HSF1). Twenty-four hr after transfection, luciferase 
assay was carried out using the luciferase reporter assay system 
(Promega) according to the manufacturer's protocols and detected 
by a Sirius Luminometer (Berthold Detection Systems). Five 
microgram of protein was used for each assay. Transfection 
efficiency was normalized by co-transfecting with pEGFPC 1 
(Clontech) and measuring GFP fluorescence at 510 nm (Fluor- 
omax-3, Jobin Yvon Horiba). The experiments were carried out in 
triplicate. 

RNA preparation, semiquantitative RT-PCR (sqRT-PCR) 
and quantitative Real time PCR (qRT-PCR) 

Total RNA was prepared from cultured cells using TRIzol 
reagent (Invitrogen, USA) according to manufacturer's protocol. 
RNA samples were quantitated using Biophotometer (Eppendorf, 
Germany). Two microgram RNA was reverse transcribed using 
random hexamer primer (Fermentas, USA) and MuLv-Reverse 
transcriptase (Fermentas, USA). Semiquantitative RT-PCR 
(sqRT-PCR) was carried out using Red TaqDNA polymerase 
(Bioline). Expression of [l-actin was considered as endogenous 
control. The densitometry of the bands was carried out using 
Image Master VDS software (Amersham Biosciences, UK). The 
gene-specific primers used for sqRT-PCR were designed using 
Primer Express software (Applied Biosystems). Primer sequences 
used for amplification of the respective genes are given in Table 
S2 (File SI). Quantitative real time PCR (qRT-PCR) was carried 
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out on 7500 Real time PCR system (AB, USA). The fold changes 
were calculated as per SDS software (AB, USA). 

Western Blot 

Cells grown in 100-mm Petri dishes were washed with ice-cold 
phosphate-buffered saline (PBS), scrapped, pelleted by centrifuga- 
tion at 300 g for 3 min. at 4°C. Cell lysis was carried out using 
lysis buffer (50 mil Tris-HCl, pH 7.5; 2 mM EDTA; 100 mM 
NaCl; 0.1% Triton X-100 and PMSF with 100 ug/ml final 
concentrations). Protein concentration was measured by Bradford 
assay (Biorad, Hercules, CA) according to manufacturer's proto- 
col. The samples were boiled with SDS gel loading buffer, run on 
SDS -polyacrylamide gel, transferred to PVDF membrane 
(Thermo Scientific, USA), and probed with respective antibodies. 
P-actin was used as an internal control. Each experiment was 
repeated three times. Integrated optical density (IOD) of each 
band was calculated using Image Master VDS software (Amer- 
sham Biosciences, UK). 

Chromatin immunoprecipitation (ChIP) 

Methods used for the ChIP experiment was described earlier 
[32]. HeLa cells expressing endogenous HSF1 were either grown 
unstressed (No HS) or exposed to heat shock at 42°C for 1 hr, 
followed by recovery at 37°C for 4 h. Then cells were cross-linked 
with 1.1% formaldehyde for 10 min at room temperature. The 
cross-linking reaction was stopped by 125 mM glycine. Cells were 
washed with ice-cold PBS and harvested at 300 g for 3 min at 
4°C. Cytosol was extracted with cytoplasm extraction buffer 
(20 mM HEPES, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM 
MgCl 2 , 0.2 mM EDTA and 1 mM PMSF). Nuclei were harvested 
at 13000 g for 10 min at 4°C, and the pellet was resuspended in 
breaking buffer (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 
150 mM NaCl, 1% SDS and 2% Triton-X-100) and sonicated 
twice (two pulses of 10 s each). Contents were then centrifuged. 
Triton buffer (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 150 mM 
NaCl, and 0.1% Triton-X-100) was added to the nuclear extract. 
The immunoprecipitation reaction was carried out using anti- 
HSF1, anti-RNA polymerase II and anti-acetylated histone H4 
(AcH4) antibodies followed by the addition of BSA-soaked Protein 
G-agarose beads. The immunoprecipitated complex was washed, 
followed by decross-linking, phenol-chloroform extraction and 
ethanol precipitation of the DNA. Amplification of the eluted 
DNA was carried out by semi-quantitative (sqRT-PCR) and 
quantitative RT-PCR (qRT-PCR) using primers specific for 
human HYPK and hsp70 promoter. A portion of the genome 
having no putative HSF1 -binding site was amplified along with 
HYPK and hsp70 promoter and this non-specific sequence (NS seq) 
was used as control. Primer sequences used in ChIP assay are 
given in Table S3 (File SI). 

Site-directed mutagenesis 

The HSE present in promoter region of human HYPK gene was 
destroyed by mutagenesis. Two bases ('C at position +70 and 'T' 
at position +75) were deleted from the parental promoter (wild 
type) sequence (HYPK_ups) and the resulting mutated promoter 
was designated as HYPK_ups_AHSE. QuickChange site-directed 
mutagenesis kit from Stratagene was used for mutagenesis. The 
primer sequences used to generate mutant HYPK promoter are 
given in Table S4 (File SI). 

Knockdown of HSF1 and HYPK by siRNA 

The method used for siRNA-mediated knockdown of HSF1 was 
as described in [33]. Briefly, HeLa cells were transfected with 



empty pSUPER vector or HSF1 -specific siRNA or scrambled 
RNA cloned in the same vector. Cells were harvested after 72 h of 
transfection. Knockdown of HSF1 was confirmed by sqRT-PCR 
and western blot. Method used for siRNA-mediated knockdown of 
HYPK was earlier described [30]. The antisense-HYPK cloned in 
pRNA-U61/Hygro vector was transfected in HeLa cells and 
transfected cells were selected with hygromycin. Knockdown of 
endogenous HYPK in HeLa cells was confirmed by sqRT-PCR. 

MTT assay 

The method used for MTT assay was described previously [27]. 
Cells were cultured in 24 well plates. Twenty four hrs. after 
transfection, cells were subjected to lethal heat shock at 45°C for 
1 hour. Cell survivality was assayed after 24 or 48 hours of heat 
shock using (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) dye. MTT at concentration 100 microgram/ml 
was added to plates and allowed to incubate for 4 hours. Following 
which the culture medium was discarded and cells were lysed in 
acidic isopropanol. The color generated was quantified by taking 
absorbance at 570 nm for MTT and for background substraction 
at 650 nm using spectrophotometer (Smartspec Plus, Biorad, 
USA). Survival of experimental cells was analyzed using the 
survival of control cells as 100%. 

Statistical analysis 

For statistical analysis, unpaired t test was done to compare the 
means of two experimental groups using the online software 
GraphPad QuickCalcs. 

Results 

Heat shock increases expression of HYPK in human and 
mouse cells 

To address whether expression of HYPK is increased by heat 
treatment, HeLa cells were either grown at 37°C (control) or were 
subjected to heat shock at 42°C for 60 min and then allowed to 
recover at 37°C in CO z incubator. At different times during the 
recovery period (0, 2, 4 and 8 h), total RNA was analyzed for 
HYPK and fi-actin expression by sqRT-PCR using gene specific 
primers. In parallel, whole cell extracts were analyzed for HYPK 
levels by Western blot. Heat shock-driven increase in HYPK 
expression was detected at the end of heat shock (0 h recovery), 
which showed 1.2 fold increase (p = 0.02, n = 3) in HYPK 
expression as compared to control HeLa cells (without heat 
treatment). Increase in HYPK expression continued with recovery 
time and showed maximum increase (~ 2 fold) at 4 h of recovery 
(p = 0.003, n = 3). After this, HYPK expression declined at 8 h 
(p = 0.005, n = 3) as shown in Fig. 1, A and B. Western blot 
analysis showed similar trend of increase in HYPK expression till 
4 h of recovery (p<0.001, n = 3) after thermal upshift (Fig. 1, C 
and D), followed by decrease in HYPK expression at 8 h of 
recovery (p = 0.03, n = 3). The expression of Hsp70, a canonical 
heat shock protein and known HSF1 target [34], was also 
measured to confirm the efficacy of heat shock treatment. As 
shown in the Fig. 1, C and D, the kinetics of heat-induced 
increased expression of Hsp70 and HYPK were similar. 

The same experiment was repeated in mouse cell line 
(Neuro2A/N2A) in order to check whether heat treatment could 
increase HYPK expression in mouse cells. The temperature and 
the time duration of heat shock and recovery were same as 
described for human (HeLa) cells. As shown in Fig. 1, E and F, 
4 h of recovery after heat shock showed significant increase in 
HYPK expression (p = 0.003, n = 3) at transcript level. Similar to 
our observation in HeLa cells, further incubation at 37°C resulted 
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Figure 1. Heat shock induces HYPK expression in human (HeLa) and mouse (Neuro2A) cells. A. Gel image representative of three (n = 3) 
independent experiments for sqRT-PCR of HYPK expression in HeLa cells undergoing no heat shock (HS) treatment (control), HeLa cells subjected to 
HS at 42°C for 60 min and no recovery (0 h), and HeLa cells subjected to HS as indicated followed by recovery at 37°C for 2, 4 and 8 hours (2, 4, 8 h). 
Expression of p-actin was taken as endogenous control. B. Bar graph showing the mean IOD of bands obtained in A. The expression level of HYPK in a 
sample was normalized by the corresponding p-actin expression level. Fold change was calculated by considering the relative expression level of 
HYPK'm control HeLa cells to be 1. C. Western blot analysis for the expression of HYPK and Hsp70 in three independent experiments (n = 3) in HeLa 
cells undergoing no HS treatment (control) and other samples as indicated in A. Expression of p-actin was taken as loading control. D. Bar graph 
showing the mean IOD of bands obtained for HYPK and Hsp70 in C. The IOD of each HYPK and Hsp70 band was normalized by the corresponding p- 
actin band. Fold change was calculated taking the relative expression of HYPK and Hsp70 expression in control HeLa cells to be I.E. gel image 
representative of three (n = 3) independent experiments for sqRT-PCR of HYPK expression in N2A cells undergoing no HS treatment (control), N2A 
cells subjected to HS at 42°C for 60 min and no recovery (0 h), and N2a cells subjected to HS as indicated followed by recovery at 37°C for 2, 4 and 
8 hours (2, 4, 8 h). Expression of p-actin was taken as endogenous control. F. Bar graph showing the mean IOD of bands obtained in E. The expression 
level of HYPK in each sample was normalized by the corresponding p-actin expression level. Fold change was calculated by considering the relative 
expression level of HYPK in control N2A cells to be 1. G. Western blot analysis showing expression of HYPK and Hsp70 in three independent 
experiments (n = 3) in N2A cells undergoing no HS treatment (control) and other samples as indicated in E. Expression of p-actin was taken as loading 
control. H. Bar graph showing the mean IOD of bands obtained for HYPK and Hsp70 in G. The IOD of each HYPK and Hsp70 band was normalized by 
the corresponding p-actin band. Fold change was calculated taking the relative expression of HYPK and Hsp70 expression in control N2A cells to be 1 . 
Error bars indicate ± SD. The statistical significance level between various experimental pairs is indicated (*,p<0.05; **,p<0.01; ***,p<0.001). 
doi:10.1371/journal.pone.0085552.g001 



in significant decrease in HYPK expression (p = 0.002, n = 3). In 
accordance to our previous result, HYPK expression was 
increased significantly (p<0.001, n=3) also at the protein level 
after 4 h recovery from heat shock treatment, followed by a drop 
at 8 h of recovery (p = 0.002, n = 3) (Fig. 1, G and H). Similar 
trend was seen in Hsp70 expression, indicating that the heat shock 
treatment was adequate to induce heat shock response in cells and 
heat shock-driven increase in HYPK expression followed similar 
kinetics as that of Hsp70. Increased expression of Hsp70 was 
evident immediately after heat shock (0 h) and it continued for 
sometime even when cells were kept at 37°C and after a certain 
point it went down. Therefore, hyperthermia could increase 
HYPK expression both at transcript and protein level. This effect 
is conserved in human and mouse. 

Identification and functional validation of Heat Shock 
Element (HSE) present in the promoter of human HYPK 
gene 

The observation that hyperthermia increases HYPK expression 
in human and mouse cells suggested that HYPK could be 
transcriptionally regulated by heat shock factors (HSFs). We 
searched for the presence of any putative heat shock element 
(HSE) at promoter sequence of human HYPK gene and identified 
putative HSF1 -binding site at +69 to +83 region of human HYPK 
gene (ENSG00000242028). 

To address whether the HSE is functional, luciferase reporter 
assay was carried out in HeLa cells with different regions of human 



HYPK gene promoter as described in Materials and Methods 
section. Heat shock (heat shock at 42°C for 60 min followed by 
recovery at 37°C for 4 h) as well as exogenous HSF1 (upon similar 
heat shock and recovery treatment) increased the luciferase activity 
of both HYPK_ups (-116 to +185) and HYPK_ups_long (-450 
to +185) constructs to a similar extent, as shown in figure (Fig. 2, 
A, B and C). Thus presence of additional bases from upstream 
region of human HYPK gene didn't contribute to any significant 
change in reporter gene expression, thereby nullify the possibility 
of any additional HSE and/or regulatory site in that region 
(Fig. 2, A, B and C). The HYPK_ups_short construct (-450 to 
+50) that lacked the putative HSE (+69 to +83 region) showed no 
significant change in reporter gene expression in response to heat 
shock or exogenous HSF1 compared to control. Therefore the 
HSE at +69 to +83 region is necessary and sufficient for heat- 
induced increase in reporter activity of HYPK promoter. To 
further prove the specificity of HSE present in HYPK promoter, 
two nucleotides ('G' at position +70 and 'T at position +75) were 
deleted by mutagenesis and the resulting mutant construct was 
designated as HYPK_ups_AHSE (Fig. 2A). Both heat shock 
treatment as well as exogenous HSF1 were found to have no effect 
on reporter gene expression from mutant promoter compared to 
control (Fig. 2, B and C). Hsp70 is a canonical heat shock 
protein whose expression is regulated by HSF1 . Therefore, we also 
cloned promoter sequence of human hsp70 gene harboring known 
HSF1 -binding site [31] in the same vector and designated as 
Hsp70_ups. This construct (Hsp70_ups) was used as a positive 
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Figure 2. Identification and functional validation of HSF1 -binding site in the promoter of human HYPK gene. A. Different parts of 
human HYPK gene promoter cloned in pGL3 vector. HYPK_ups construct (-116 to +185) is the shortest construct that encompassed putative HSE 
(+69 to +83) flanked by some additional nucleotides on both sides. HYPK_ups_long_construct spanned the region -450 to +185. Compared to 
HYPK_ups construct, HYPK_ups_long contained additional nucleotides in the upstream region. HYPK_ups_short construct (-450 to +50) contained 
the upstream sequence same as HYPK_ups_long but lacked the HSE (+69 to +83). HYPK_ups_AHSE is a mutant HYPK promoter where two bases of 
HSE (G at position +70 and T at position +75) shown in shadow in the figure were deleted by mutagenesis. B. Luciferase reporter assay (n = 3) of the 
reporter constructs earlier described in HeLa cells undergoing no HS treatment (control) and HeLa cells subjected to HS at 42"C for 60 min followed 
by recovery at 37°C for 4 h. Luciferase activity of the above cells was normalized by the luciferase activity of the corresponding empty pGL3 vector 
transfected cells. C. Luciferase reporter assay (n = 3) of the reporter constructs in HeLa cells transiently transfected with empty pcDNA vector (control) 
and HSFI-pcDNA, exposed to HS at 42°C for 60 min followed by recovery at 37°C for 4 h. Luciferase activity of the above cells was normalized by the 
luciferase activity of the corresponding empty pGL3 vector transfected cells. D. Chromatin immunoprecipitation showing in vivo interaction of HSF1 
and RNA polymerase II with the human HYPK and hsp70 promoter and acetylation of histone H4 (AcH4) at the same site in HeLa cells subjected to no 
HS treatment and HeLa cells exposed to HS at 42°C for 60 min followed by recovery at 37°C for 4 h. Immunoprecipitation was carried out using anti- 
HSF1, anti-RNA polymerase II and anti-AcH4 antibody respectively and precipitated DNA was PCR-amplified using primers flanking the HSF1 -binding 
sites present in human HYPK and hsp70 promoter. Lane IN: PCR amplification was carried out using DNA isolated from HeLa cells subjected to no HS 
or HS treatment. Lane +Ab: PCR amplification was carried out using chromatin immunoprecipitated by anti-HSF1, anti-RNA polymerase II and anti- 
AcH4 (acetylated histone H4) antibodies. Lane IgG: PCR amplification was carried out using chromatin immunoprecipitated by IgG alone. Lane — Ve: 
PCR amplification was carried out without adding any template DNA. E. Quantitative analysis of ChIP assay. DNA from different samples described in 
D were amplified using primers specific for human HYPK and hsp70 gene promoter on quantitative Real Time PCR machine. Amplification of a region 
of DNA bearing no putative HSF1 -binding site (NS seq) was done in each experiment as a negative control. Quantification was done by normalizing 
the amount of immunoprecipitated DNA to the input DNA in each sample and fold enrichment was calculated by considering the normalized 
immunoprecipitated DNA in unstressed cells (control) as 1. Error bars indicate ± SD. The statistical significance level between various experimental 
pairs is indicated (*,p<0.05; **,p<0.01; ***,p<0.001). 
doi:1 0.1 371 /journal.pone.0085552.g002 



control throughout the study. As expected, HeLa cells transfected 
with Hsp70_ups construct showed significant increase in luciferase 
activity compared to cells transfected with empty vector (control) 
in response to heat shock and expression of exoogenous HSF1 
followed by heat shock (Fig. 2, B and C). The heat shock- 
mediated response of Hsp70_ups construct ensured that the heat 
shock treatment to which cells were exposed was adequate to 
induce heat shock response in HeLa cells. To determine whether 
heat shock has any effect on recruitment of HSF1 and RNA 
polymerase II to the HSE present in HYPK promoter, chromatin 
immunoprecipitation was carried out in unstressed (no HS) and 
stressed (HS at 42 °C for 60 min followed by recovery at 37°C for 
4 h) HeLa cells. The result (Fig. 2, D and E) showed heat shock- 
driven increase in binding of HSF1 (p = 0.004, n=3) and RNA 



polymerase II (p = 0.007, n = 2) to the HSE in the i/rPSTpromoter. 
Heat shock-driven recruitment of HSF1 and RNA polymerase II 
to the HYPK promoter thus indicated that HYPK could be a novel 
transcriptional target of HSF1. Interestingly, thermal stress 
increased the acetylation of histone H4 (AcH4) in the promoter 
sequence of human HYPK gene (p = 0.01, n = 3), as evident in 
Fig. 2, D and E. Acetylation of histone H4 is an important 
epigenetic modification of inducible HSF 1 binding to its cognate 
binding sites over the genome [35]. Therefore, our observation 
that heat shock prompted the acetylation of histone H4 in HYPK 
promoter concluded that HSF 1 -mediated regulation of HYPK in 
HeLa cells involved chromatin remodeling. As expected, thermal 
stress induced the recruitment of HSF 1 and RNA polymerase II to 
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Figure 3. HSF1 regulates HYPK expression in human (HeLa) and mouse (N2A) cells. A. Gel image representative of three (n = 3) 
independent experiments for sqRT-PCR of HYPK and hsp70 expression in empty vector (pcDNA) transfected HeLa cells (control) and HSFI-pcDNA 
transfected HeLa cells both exposed to HS at 42°C for 60 min followed by recovery at 37°C for 4 h. Expression of p-actin was taken as endogenous 
control. B. Bar graph representing the mean IOD of bands obtained in A. The expression level of HYPK and hsp70 in a sample was normalized by the 
corresponding p-actin expression level. Fold change was calculated by considering the relative expression level of HYPK and hsp70 in control HeLa 
cells to be 1. C. Western blot analysis for the expression of HYPK and Hsp70 in three independent experiments (n = 3) in samples indicated in A. 
Expression of p-actin was taken as loading control. D. Bar graph showing the mean IOD of bands obtained for HYPK and Hsp70 in C. The IOD of each 
HYPK and Hsp70 band was normalized by the corresponding p-actin band. Fold change was calculated taking the relative expression of HYPK and 
Hsp70 expression in control HeLa cells to be 1 . E. Gel image representative of three (n = 3) independent experiments for sqRT-PCR of HYPK and hsp70 
expression in empty vector (pcDNA) transfected N2A cells (control) and HSF1-pcDNA transfected N2A cells both exposed to HS at 42°C for 60 min 
followed by recovery at 37°C for 4 h. Expression of p-actin was taken as endogenous control. F. Bar graph representing the mean IOD of bands 
obtained in E. The expression level of HYPK and hsp70 in a sample was normalized by the corresponding p-actin expression level. Fold change was 
calculated by considering the relative expression level of HYPK and hsp70 in control N2A cells to be 1. G. Western blot analysis showing expression of 
HYPK and Hsp70 in three independent experiments (n = 3) in samples indicated in E. Expression of p-actin was taken as loading control. H. Bar graph 
showing the mean IOD of bands obtained for HYPK and Hsp70 in G. The IOD of each HYPK and Hsp70 band was normalized by the corresponding p- 
actin band. Fold change was calculated taking the relative expression of HYPK and Hsp70 expression in control Neuro2A cells to be 1. Error bars 
indicate ± SD. The statistical significance level between various experimental pairs is indicated (*,p<0.05; **,p<0.01; ***,p<0.001). 
doi:1 0.1 371 /journal.pone.0085552.g003 



the hsp70 promoter, along with acetylation of histone H4 at the 
same site (Fig. 2, D and E). 

HSF1 regulates HYPK expression in human and mouse 
cells 

Sinee HSF1 -binding site located in the promoter of human 
HYPK gene was responsive to both heat stress and exogenous 
HSF1, our next goal was to determine whether HSF1 could 
regulate the expression of HYPK. HeLa cells were transfected with 
either empty pcDNA vector (control) or HSFI-pcDNA. After 
24 hrs of transfection, cells were subjected to heat shock at 42°C 
for 60 min, followed by recovery at 37°C for 4 h. Semiquantitative 
RT-PCR showed significant increase in HYPK expression 
(p — 0.003, n = 3) in HSF1 -transfected cells compared to control 
cells (Fig. 3, A and B). A similar trend was observed in the 
protein level expression of HYPK, as detected by western blot 
analysis (Fig. 3, C and D). Expression of ectopic HSF1 was 
confirmed by immunoblot (data not shown). Along with HYPK, 
expression of known HSF1 target, Hsp70 was also found to be 
upregulated at transcript and protein level in presence of 
exogenous HSF1 (Fig. 3, A, B, C and D). 

The finding that HYPK expression is induced by heat shock in 
N2A cells (Fig. 1, E, F, G and H) and it is conserved at protein 
level (as shown in Ensembl) in human and mouse motivated us to 
investigate whether the ability of HSF1 to regulate the expression 
of HYPK is conserved in mouse. Towards that, we searched for 



any putative HSE present in the promoter of mouse HYPK gene. 
Unlike the protein sequence, HYPK promoter is not conserved in 
human and mouse. Therefore, no HSE was detected at the 
corresponding (+69 to +83) mouse HYPK promoter. However, a 
putative HSE was found in the upstream sequence (~200 bp 
upstream of transcription start site) of mouse HYPK gene (Figure 
SI in File S2). To determine whether HYPK expression is 
regulated by HSF1 in mouse cells, we performed similar 
experiments in N2A cells. N2A cells transiendy expressing 
exogenous HSF1 (HSFI-pcDNA) upon heat shock (HS at 42°C 
for 60 min followed by recovery at 37°C for 4 h) showed ~2 fold 
increase in HYPK expression (p = 0.004, n = 3) as compared to 
control N2A cells (expressing empty pcDNA vector and undergo- 
ing same HS and recovery treatment) (Fig. 3, E and F). Ectopic 
HSF1 also increased HYPK expression at protein level (p = 0.004, 
n=3) as depicted in Fig. 3, G and H. Not surprisingly, 
exogenous HSF1 was also effective in inducing the expression of 
Hsp70 at both transcript and protein level (Fig. 3, E, F, G and 
H) in N2A cells. Thus HSF1 was shown to be effective in 
regulating HYPK expression in mouse cells. 

Effect of HSF1 knockdown on HYPK expression 

If HYPK is transcriptionally regulated by HSF1, knocking down 
HSF1 must have effect on endogenous HYPK expression and/or 
heat shock-mediated induction of HYPK expression. HeLa cells 
were transiently transfected with empty pSUPER vector, or HSF1- 
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Figure 4. Effect of HSF1 knockdown and mutation on HYPK expression. A. Gel image representative of three (n = 3) independent 
experiments for sqRT-PCR of HSF1, HYPK and hsp70 expression in HeLa cells transiently expressing empty pSUPER vector, siRNA sequence of human 
HSF1 cloned in pSUPER vector and scrambled RNA sequence cloned in pSUPER vector. Expression of [i-actin was taken as endogenous control. B. Bar 
graph showing the mean IOD of bands obtained in A. The expression level of HSF1, HYPK and hsp70 in each sample was normalized by the 
corresponding [i-actin expression level. Fold change was calculated by considering the relative expression level of HSF1, HYPK and hsp70 respectively, 
in control HeLa cells (expressing empty pSUPER vector) to be 1. C. Western blot analysis for the expression of HSF1, HYPK and Hsp70 in three 
independent experiments (n = 3) in samples as indicated in A. Expression of (3-actin was taken as loading control. D. Bar graph showing the mean IOD 
of bands obtained in C. The expression level of HSF1, HYPK and Hsp70 in a sample was normalized by the corresponding (i-actin band. Fold change 
was calculated taking the relative expression of HSF1, HYPK and Hsp70 expression in control HeLa cells (expressing empty pSUPER vector) to be I.E. 
Gel image representative of three (n = 3) independent experiments for sqRT-PCR of HYPK expression in HeLa cells transiently transfected with empty 
pSUPER vector, siRNA sequence against human HSF1 cloned in pSUPER vector and scrambled RNA sequence cloned in pSUPER vector, and subjected 
to HS treatment 72 h after transfection ( HS at 42°C for 60 min followed by recovery at 37°C for 4 h). Expression of [i-actin was taken as endogenous 
control. F. Graph showing the mean IOD of bands obtained in E. The expression level of HYPK in a sample was normalized by the corresponding f}- 
actin band. Fold change was calculated taking the relative expression of HYPK expression in control HeLa cells to be 1. G. Representative gel image of 
three independent experiments (n = 3) for sqRT-PCR of human HYPK and hsp70 gene expression in HeLa cells transiently overexpressing empty 
pcDNA vector (control), wild type HSF1 (WT HSF1) cloned in pcDNA vector and constitutively active HSF1 (CA HSF1) cloned in pcDNA vector. 
Expression of [i-actin was taken as endogenous control. H. Bar graph showing the mean IOD of bands obtained in G. The expression level of HYPK and 
hsp70 in a sample was normalized by the corresponding p-actin expression level. Fold change was calculated by considering the relative expression 
level of HYPK and hsp70 in control HeLa cells (expressing empty pcDNA vector) to be 1. I. Immunoblot showing expression of HYPK and Hsp70 in 
three independent experiments (n = 3) in samples as described in G. Expression of (3-actin was taken as loading control. J: Bar graph showing the 
mean IOD of bands obtained for HYPK and Hsp70 in I. The IOD of each HYPK and Hsp70 band was normalized by the corresponding (3-actin band. 
Fold change was calculated taking the relative expression of HYPK and Hsp70 expression in control HeLa cells (expressing empty pcDNA vector) to be 
1. Error bars indicate ± SD. The statistical significance level between various experimental pairs is indicated (*,p<0.05; **,p<0.01; ***,p<0.001; 
NS = not significant). 
doi:10.1371/journal.pone.0085552.g004 



siRNA or scrambled RNA-expressing pSUPER vector to knock- 
down endogenous HSF1 [33]. Efficient knockdown of HSF1 was 
observed 72 h after transfection at both transcript and protein 
level (Fig. 4, A, B, C and D). As observed in Fig. 4, A, B, C 
and D, knocking down HSF1 resulted in significant decrease in 
endogenous HYPK expression at both RNA (p<0.001, n = 3) and 
protein (p = 0.008, n = 3) level in HeLa cells. Cells expressing 
scrambled RNA had no effect on HYPK expression at either level 
(transcript and protein) compared to control cells (expressing 
empty pSUPER vector). Hence, knocking down endogenous 
HSF1 by siRNA resulted in reduced expression of endogenous 
HYPK in HeLa cells. In addition, we also checked the ability of 



HSF1 knocked down cells to induce HYPK expression in response 
to hyperthermia. As presented in Fig. 4, E and F, HSF1 
knocked-down HeLa cells showed no significant increase in HYPK 
expression even after 4 h of recovery from heat shock. Cells 
expressing either empty pSUPER vector or scrambled RNA 
however, showed increase in HYPK expression (Fig. 4, E and F) 
with time of recovery after a standard HS treatment (HS at 42°C 
for 60 min). Therefore, knocking down endogenous HSF1 by 
siRNA not only decreased endogenous HYPK expression, it also 
inhibited the ability of cells to induce HYPK expression in response 
to stress. 
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Role of HSF1 mutants on HYPK expression 

Transcriptional competence of HSF1 is highly dependent on 
stress, as simple overexpression of HSF1 shows no or very little 
teas-activation ability in unstressed cells [19,36,37]. However, 
mutants of HSF1 have been designed over the years, which 
showed robust activation of HSF 1 -regulated genes in absence of 
stress. A constitutively active mutant of HSF1 which lacks a part of 
regulatory domain (amino acid 203-315 is deleted) is able to trans- 
activate its target genes like hsp70 in absence of stress [37,38,39]. 
To check the effect of such mutant on HYPK expression, HeLa 
cells were transfected with empty pcDNA vector or wild type 
HSF1 (WT HSF1) or constitutively active HSF1 (CA HSF1) and 
HYPK expression was measured in unstressed cells by sqRT-PCR 
and western blot. Unlike WT HSF1 which was unable to augment 
HYPK expression without stress, ectopic expression of CA HSF1 
increased HYPK expression (p<0.001, n = 3) significantly along 
with hsp70 (p<0.001, n = 3) in absence of stress (Fig. 4, G and 
H). Similar trend was observed at protein level (Fig. 4, I and J). 
We extended our study to check whether CA HSF1 could increase 
inducible binding of HSF1 to its cognate site present in HYPKgene 
promoter. Result showed that luciferase activity of HYPK_ups 
construct increased significandy (p<0.001, n = 3) in presence of 
mutant HSF1 (CA HSF1) but not in presence of its wild type 
counterpart (WT HSF1) (Figure S2 in File S2). 

We used another mutant of HSF1 which lacks a part of 
transcription activation domain (amino acid 454—522 is deleted). 
When exogenously expressed, this mutant forms heterotrimer with 
endogenous HSF1 and inhibit its ability to activate its target genes 
in response to stress [38,39]. Therefore, this mutant acts as a 
dominant negative mutant (DN HSF1). To elucidate the effect of 
this mutant on HYPK expression, sqRT-PCR and immunoblot 
was performed from HeLa cells transiently expressing (i) empty 
pcDNA vector in absence of heat shock, (ii) empty pcDNA and 
undergoing HS at 42°C for 60 min followed by recovery at 37°C 
for 4 h and (iii) DN HSF1 and undergoing heat shock and 
recovery as mentioned in (ii). Result showed (Figure S3, A and B 
in File S2) increased HYPK expression in presence of thermal 
stress (p<0.001, n= 3), as expected. However, exogenous expres- 
sion of DN HSF1 abrogated this effect (p = 0.005, n= 3) (Figure 
S3, A and B in File S2). Thus, DN HSF1 was effective in 
inhibiting the heat shock-driven increase of HYPK expression in 
HeLa cells. Western blot analysis further showed co-expression of 
DN HSF1 inhibited the heat-induced expression of HYPK 
(Figure S3, C and D in File S2) in HeLa cells. The known 
HSF1 target Hsp70 showed similar pattern of expression in 
presence of DN HSF1 (Figure S3, C and D in File S2). 
Therefore, DN HSF1 had similar effect on HYPK and Hsp70 
expression. Furthermore, the luciferase reporter activity of 
HYPK_ups construct which was increased (p = 0.002, n = 3) in 
response to hyperthermia, showed a significant reduction by the 
addition of DN HSF1 (p = 0.006, n = 3) as evident from reporter 
assay (Figure S3, E in File S2). Therefore, dominant negative 
HSF1 inhibited the inducible binding of HSF1 to the HSE present 
in HYPK gene promoter. 

The constitutively active HSF1 could increase HYPK expres- 
sion and inducible HSF1 binding to HYPK promoter sequence in 
absence of stress. The dominant negative mutant, on the other 
hand, compromised the ability of endogenous HSF1 to promote 
HYPK expression and binding to its cognate site in HYPK gene 
promoter in response to stress. Experiments using both the 
mutants revealed that HYPK could act as a HSF1 target like 
Hsp70. This further showed the specificity of HSF1 towards 
regulating expression of HYPK. 



HYPK protects cells from acute heat shock 

To extend our study to understand the biological significance of 
increased HYPK expression in response to heat shock treatment, 
we addressed the question whether HYPK has any role in 
protecting the cells from acute heat shock. HSF1 -knocked down 
HeLa cells were transfected with either empty vector (GFP) or 
HYPK-GFP and 24 hours after transfection, cells were subjected 
to acute heat shock at 45°C for 1 hour. This was followed by 
incubation at 37°C for 24 or 48 hours and cell survivality was 
measured by MTT assay. As shown in Fig. 5A, expression of 
exogenous HYPK was found to increase cell survival (p = 0.03, 
n = 3) in response to lethal heat shock treatment followed by 
24 hours of recovery. The protective role of HYPK was also 
evident at 48 hours post lethal heat shock treatment (p = 0.02, 
n = 3) (Fig. 5B). To determine the loss-of-function effect of 
HYPK, HSF 1 -knocked down HeLa cells (parental HeLa cells) 
were transfected with siRNA to knockdown HYPK expression in 
cells. Knockdown of endogenous HYPK expression in HeLa cells 
was confirmed by sqRT-PCR (Figure S4 in File S2). Parental 
HeLa cells and HYPK-knocked down HeLa cells were subjected 
to lethal heat shock and subsequent recovery as mentioned earlier. 
As depicted in Fig. 5, C and D, compared to parental HeLa cells, 
HYPK-knocked down cells showed decreased cell survival at 
24 hours (p = 0.03, n = 3) and 48 hours (p = 0.01, n = 3) after lethal 
heat shock. Thus, HYPK knockdown made the cells more prone 
to heat-induced killing. Therefore HYPK could protect the cells 
from acute heat shock. 

HYPK is induced by cellular stresses other than heat 
shock 

Heat shock proteins are known to be overexpressed in response 
to a variety of cellular stresses including heat shock. Some heat 
shock proteins like Hsp70 play important role in protecting cells 
from diverse environmental insults. We next intended to see 
whether cellular stresses other than heat shock could elevate 
HYPK expression. Hypoxia is known to induce expression of some 
heat shock proteins and HSF1 itself [40,41]. Cobalt chloride 
(CoCLJ, a known chemical inducer of hypoxia, was used to induce 
hypoxia in HeLa cells, as evident from the increased expression of 
vascular endothelial growth factor (VEGF), (Fig. 6, A and B) a 
known marker of hypoxia [42]. As depicted in Fig. 6, A and B, 
HYPK expression increased in a dose-dependent manner in 
response to CoCl 2 . This finding was also observed at protein 
level (Fig. 6, C and D). Hence, hypoxia was able to augment 
expression of HYPK, although contribution of HSF1 in this 
process was not studied. Inhibition of proteasome is another form 
of proteotoxic stress that results in accumulation of misfolded 
proteins within the cell and it has been shown to induce heat shock 
response in mammalian cells [43] in order to achieve proteostasis. 
To investigate if proteasome inhibition could induce HYPK 
expression, HeLa cells were treated with known proteasome 
inhibitor MG132 [44]. As shown in Fig. 6, E and F, proteasome 
inhibition was effective in inducing the expression of HYPK 
significandy (p = 0.007, n = 3) in HeLa cells. Increased HYPK 
expression in response to proteasome inhibition was also evident at 
the protein level (p = 0.01, n = 3) as shown in Fig. 6, G and H. 
Therefore, apart from thermal stress, other forms of cellular 
stresses could also stimulate HYPK expression. 

Discussion 

In the present report, we have shown that HYPK expression in 
human and mouse cells is induced by heat and it is a novel 
transcriptional target of HSF 1, the master regulator of heat shock 
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Figure 5. HYPK protects cells from lethal heat shock-induced death. A. Bar graph showing the mean of three (n = 3) independent 
experiments to determine survival of HSF1-knocked down HeLa cells transiently expressing empty GFP vector or HYPK-GFP. After 24 hours of 
transfection, cells were subjected to lethal heat shock at 45°C for 1 hour, followed by recovery at 37°C. Cell survivality was measured by MTT assay 
24 hours after cells were subjected to lethal heat shock. B. Bar graph showing the mean of three (n = 3) independent experiments to determine 
survival of cells undergoing lethal heat shock as described in A, followed by recovery at 37°C for 48 hours. C. Bar graph showing the mean of three 
(n = 3) independent experiments to determine survival of HSF1 -knocked down HeLa cells (Parental HeLa cell) or HSF1 -knocked down HeLa cells 
transfected with HYPK siRNA (HYPK _/ ~ HeLa cell) and subjected to lethal heat shock at 45°C for 1 hour, followed by recovery at 37°C for 24 hours. D. 
Bar graph showing the mean of three (n = 3) independent experiments to determine survival of cells undergoing lethal heat shock as described in C, 
followed by recovery at 37°C for 48 hours. 
doi:1 0.1 371 /journal.pone.0085552.g005 



proteins. The putative HSE in the promoter of human HYPK gene 
is identified and validated by reporter assay. Chromatin immu- 
noprecipitation (ChIP) convincingly show that in response to 
thermal upshift, HSF1 and RNA polymerase II interact in vivo with 
the putative HSF1 -binding site. Additionally, HSF1 -mediated 
regulation of HYPK expression also involves histone modification. 
HYPK protects cells from lethality caused by acute heat shock, 
thereby exhibits its cytoprotective activity. HYPK expression can 
also be induced by different forms of proteotoxic stress other than 
heat shock. 

Our previous report that HYPK has chaperone-like activity in 
vitro and in vivo [27] prompted us to hypothesize that like many 
other molecular chaperones HYPK could also be induced by heat. 
We hereby show that elevated temperature can induce the 
expression of HYPK in human and mouse cells. HSF1, the master 
regulator of HSPs, is activated in response to stress and induces 
expression of HSP coding genes temporally. HSF1 is again 
reverted back to inactive state when proteostasis is achieved. As 
shown in Fig. 1, increased expression of HYPK is evident at the 
end of heat shock treatment and increase in HYPK expression 
both at transcript and protein level continued for some additional 
time after the stress is withdrawn. This time period reflects the 
time needed by the host cell to achieve proteostasis. The downfall 
of HYPK expression after 4 h of recovery indicates re-establish- 
ment of proteostasis within the host cell. This pattern of change in 



expression of HYPK in response to stress is similar to that of most 
HSPs including Hsp70 which is used as a positive control 
throughout the study. The kinetics of heat-induced increase of 
expression of HYPK and Hsp70 are similar but not identical. 
Compared to HYPK, Hsp70 showed much higher fold of induced 
expression in response to stress. This difference could be due to 
differences in binding of HSF1 and other factors to HSE present in 
promoter of HYPK and hsp70 gene. This suggests that Hsp70 is the 
major effector molecule in response to proteotoxic insults within 
the cells which made Hsp70 an obvious choice to be used as a 
positive control while measuring effective HSR in cells. Both 
increased temperature and exogenous HSF1 (upon heat shock) 
have the ability to induce HYPK expression at transcript as well as 
protein level in both human and mouse cells (Fig. 1 and 3). 

A putative HSF1 -binding site is identified just downstream of 
transcription start site (TSS) of human HYPK gene (Fig. 2A). As 
evident in Figure 3, the ability of HSF1 to regulate expression of 
HYPK is conserved in mouse. Although HYPK is conserved at 
protein level, promoter region of HYPK is not conserved in human 
and mouse. Analysis of HYPK promoter sequence in mouse reveals 
presence of a putative HSE (Figure SI in File S2) at a position 
different from that in human. It is noteworthy that the sequence of 
HSE is not conserved in two species. Although the functionality of 
this HSE present in mouse HYPK promoter needs to be validated 
in future, it is plausible that HSF1 regulates HYPK expression 
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Figure 6. HYPK is induced by cellular stress other than heat shock. A. Gel image representative of three (n = 3) independent experiments for 
sqRT-PCR of VEGF and HYPK expression in HeLa cells treated with DMSO (control), 100 ^M CoCI 2 for4 h and 200 CoCI 2 for4 h. Expression of VEGF 
was measured to ensure the induction of hypoxia. Expression of ji-actin was taken as endogenous control. B. Bar graph showing the mean IOD of 
bands obtained in A. The expression level of VEGF and HYPK in a sample was normalized by the corresponding ji-actin expression level. Fold change 
was calculated by considering the relative expression level of VEGF and HYPK in control HeLa cells to be 1. C. Western blot analysis showing 
expression of HYPK in response to CoCI 2 , a chemical inducer of hypoxia. HeLa cells were treated with DMSO (control), 100 aM CoCI 2 for 4 h and 
200 |j,M CoCI 2 for 4 h. Expression of p-actin was taken as loading control. D. Bar graph showing the mean IOD of bands obtained for HYPK in C. The 
IOD of each HYPK band was normalized by the corresponding (3-actin band. Fold change was calculated taking the relative expression of HYPK in 
control HeLa cells to be 1 . E. Gel image representative of two (n = 2) independent experiments for sqRT-PCR of HYPK expression in HeLa cells treated 
with DMSO (control) or MG1 32 (25 |j,M for 4 h). Expression of ji-actin was taken as endogenous control. F. Bar graph showing the mean IOD of bands 
obtained for HYPK in E. The IOD of each HYPK band was normalized by the corresponding p-actin band. Fold change was calculated taking the 
relative expression of HYPK in control HeLa cells to be 1. G. Western blot analysis showing expression of HYPK in HeLa cells treated with DMSO 
(control) or MG132 (25 |j,M for 4 h). Expression of (3-actin was taken as loading control. H. Bar graph showing the mean IOD of bands obtained in G. 
The IOD of each HYPK band was normalized by the corresponding (3-actin band. Fold change was calculated taking the relative expression of HYPK in 
control HeLa cells to be 1. Error bars indicate ± SD. The statistical significance level between various experimental pairs is indicated (*,p<0.05; 
**,p<0.01; ***,p<0.001). 
doi:10.1371/journal.pone.0085552.g006 



through different sites in human and mouse. Both hyperthermia as 
well as exogenous HSF1 (upon heat shock) has the ability to induce 
the reporter activity of identified HSE, as evident from luciferase 
reporter assay (Fig. 2, B and. C). Thus, the HSE is responsive to 
thermal stress and HSF1. Chromatin immunoprecipitation assay 
reveals that binding of HSF1 to HYPK promoter is induced by 
stress (Fig. 2, D and E). ChIP assay further shows that HeLa cells 
subjected to heat shock exhibit increased occupancy of RNA 
polymerase II to HYPK gene promoter (Fig. 2, D and E) 
compared to cells not exposed to heat shock. Presence of RNA 
polymerase II, the core component of gene transcription at HYPK 
gene promoter along with HSF1 clearly indicates occurrence of 
active transcription at that site. Apart from recruitment of HSF1 
and RNA polymerase II, thermal stress is shown to induce 
acetylation of histone H4 on HYPKgene promoter (Fig. 2, D and 
E). This particular epigenetic modification is a marker of inducible 
binding of HSF1 to its binding site (HSE) over the genome and 
associated with heat shock gene promoters upon activation of 
HSF1 by stress [35]. Our observation that heat shock induces 
acetylation of histone H4 on HYPK promoter (Fig. 2, D and E) 
suggests that transcription regulation of HYPK by HSF1 involves 
chromatin remodeling. Dependence of HYPK on HSF1 is also 
supported by the result that knockdown of endogenous HSF1 
inhibits basal level HYPK expression as well as heat shock-driven 
increase of HYPK expression (Fig. 4, A, B, C, D, E and F). The 
slight increase in HYPK expression during 4 h of recovery in 
HSF1 -knocked down cells is statistically insignificant and possibly 
as a consequence of residual HSF1 activity. 



Stress is mandatory for cellular HSF1 in order to be active and 
fran.?-activate its target genes. However, the constitutively active 
HSF1 (CA HSF1) used in this study is able to induce the 
expression of HSP coding genes even in absence of stress 
[37,38,39]. Ectopic expression of CA HSF1 induces expression 
of both HYPK and Hsp70, albeit to a different extent, in absence 
of any form of stress (Fig. 4, G, H, I and J)- Hence, HYPK 
behaves similar to the canonical heat shock protein Hsp70. On the 
other hand, DN HSF1 represses the heat shock-mediated increase 
of HYPK expression significantly (Figure 3 in File S2). The 
effect of DN HSF1 on HYPK expression is also similar to its effect 
on Hsp70. Therefore, both HSF1 mutants have similar effect on 
HYPK and Hsp70. This further shows the specificity of HSF1 on 
regulating HYPK expression. 

One of the first physiological functions associated with the 
stress-induced accumulation of heat shock proteins was acquired 
thermotolerance or thermoresistance, which is defined as the 
ability of a cell or organism to become resistant to heat stress after 
a prior sublethal heat exposure [45,46]. This process of acquired 
thermotolerance conferred by heat shock proteins is conserved in 
plants and prokaryotes [47,48]. Over the years, several heat shock 
proteins including Hsp70 have been reported to have the ability to 
contribute to thermoresistance [49]. The phenomenon of acquired 
thermotolerance is transient in nature and depends primarily on 
the severity of the initial heat stress. However, thermoresistance 
can also be achieved without prior mild heat stress by transfecting 
a suitable HSP. This causes stable accumulation of particular HSP 
inside the cell and has been shown to be effective in making the 
cells thermoresistant [50,51,52]. HSF1, the master regulator of 
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heat shock proteins has been shown indispensable for the cells to 
acquire thermoresistance [53]. As shown in Fig. 5, overexpression 
of HYPK in HSF 1 -knocked down HeLa cells increases the cell 
survivality significantly after 24 and 48 hours of lethal heat shock. 
Furthermore, knocking down endogenous HYPK results in 
decreased cell survival in response to lethal heat shock in HSF1- 
knocked down HeLa cells. Therefore, HYPK protects cells from 
lethal heat-induced cell death. 

Apart from thermal upshift, certain other forms of cellular stress 
are also reported to induce HSR in order to maintain cellular 
homeostasis under stressed conditions. Hypoxia is a state when 
oxygen tension drops below the normal range and it plays a key 
role in development and many pathological conditions including 
stroke, cardiovascular disease and tumorigenesis [54]. Hypoxia has 
been shown to promote HSR in mammalian cells accompanied by 
induced expression of some HSPs [40,55,56]. In 2006, Baird et al. 
showed that hypoxia not only promotes the expression of HSPs, it 
also increases the expression of HSF1 itself via hypoxia-inducible 
factor l(HIF-l), the major responsive factor of hypoxia in 
Drosophila [41]. Interestingly, potent HSP90 inhibitors like 
geldanamycin and 17-AAG, known to induce HSR, can also 
induce hypoxia at low levels [57]. Hypoxia has been induced in 
HeLa cells by cobalt chloride, a chemical inducer of hypoxia and 
confirmed by measuring the expression of VEGF (vascular 
endothelial growth factor) gene, a known hypoxic marker [42]. 
As presented in Fig. 6, HYPK is increased in cells treated with 
CoCl 2 in a dose-dependent manner. Thus hypoxia is effective in 
stimulating the expression of HYPK; however whether increased 
expression of HYPK under hypoxic condition involves direct 
participation of HSF1 is not studied. We do not rule out the 
possibility that HIF-lalpha, the major effector molecule of hypoxia 
could regulate HYPK expression under hypoxic condition. 
Another form of cellular stress is the inhibition of proteasome 
which results in blockage of protein breakdown in the cell and 
subsequent accumulation of misfolded proteins. MG132, a 
reversible inhibitor of 26S proteasome [44] has been shown 
previously to induce HSR and thermotolerance in mammalian 
cells [43]. It has also been observed that proteasome inhibition by 
MG132 in HeLa cells leads to increase in HYPK expression 
(Fig. 6). Thus, HYPK is induced by stress other than heat shock 
which establishes its promising role in global stress response. 

The attenuation of HSF1 activity at the end of heat shock 
response is very crucial. How do the cells sense the withdrawal of 
stress and how attenuation of HSF 1 activity is achieved are still not 
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understood in detail. However, experimental evidences suggest 
direct participation of newly synthesized HSPs in mitigating trans- 
activation ability of HSF 1 [15,58,59]. We previously reported that 
HYPK co-localizes and interacts with HSF1 in Neuro2A cells 
[30]. It would therefore be tempting to examine whether HYPK, 
the newly found HSF1 target, has any effect on HSF 1 -mediated 
induction of HSP coding genes. It is noteworthy that Elongation 
Factor- la (EFla), which is a validated interacting partner of 
HYPK [30], regulates HSF1 activation [60]. Hence, whether 
HYPK- EFla interaction has any effect on HSF1 activity or heat 
shock response is an open question. Although the journey of 
HYPK started as just a mere yeast-two-hybrid partner of HTT, 
evidences of its involvement in diverse cellular processes and its 
crucial role in the normal functioning of cells necessitate further 
investigation on other perspectives of HYPK yet to be known. 
Understanding the mechanism of HYPK regulation is expected to 
be useful in manipulating certain cellular processes where HYPK 
is actively involved or mitigating pathogenic conditions like protein 
folding diseases where chaperone function has been found to be 
beneficial. Whereas in depth role of HYPK in global stress 
response, if any, remains to be defined, this study convincingly 
shows the transcription regulation of HYPK and identifies this as a 
new potential component of stress response. 
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